We present a simple and efficient RT-PCR method 
INTRODUCTION
Quantitative analysis of gene expression by measurement of low-abundance mRNA transcripts is possible using techniques such as RT-PCR. However, numerous variables must be controlled for if accurate and reproducible results are to be obtained (2) . One of the major pitfalls that can limit accurate quantitation of many mRNA species is genomic DNA contamination during the RNA purification step (5). The contaminating genomic DNA often results in artifactual genomic-derived DNA PCR amplification products. In these cases, exhaustive DNase digestion of the purified RNA sample is critical, especially in cases when exon-specific primers cannot be separated by intronic sequences (5). Although DNase digestion appears to work well for poly(A) + mRNA preparations, DNase pretreatment fails to remove all contaminating genomic DNA from total RNA preparations (5).
MATERIALS AND METHODS

Generation of Mouse EC-SOD cRNA Internal Standards for Competitive RT-PCR
An internal standard deletion mutation for mouse EC-SOD cDNA (plasmid pSK 5/27 SS7) was made in the following way (see Figure 1) . First, the full-length mouse EC-SOD cDNA clone 5A-27 (1) was digested with Sac I to generate a 228-bp deletion mutant that lacks the 5 ′ untranslated region (plasmid 5A-27 SS1). Next, plasmid 5A-27 SS1 was subjected to PCR-directed deletion mutagenesis using primers MR001 and 1712/30 to generate a 126-bp deletion (from 1585 to 1712) in the 3 ′untranslated region (plasmid 5A-27 SS7).
Mouse EC-SOD cRNA internal standards were prepared by T3 RNA polymerase transcription of Xho I linearized pSK 5/27 SS7 following a protocol as outlined by Promega (Madison, WI, USA). The in vitro transcription mixture was treated with DNase I (RNase-free), and the cRNA was further purified using the TRI ZOL ® reagent (Life Technologies, Rockville, MD, USA), essentially as outlined by the manufacturer. The cRNA solution was diluted in diethylpyrocarbonate-treated water, and the integrity was checked by electrophoresis on a 1% agarose gel. The cRNA concentration was determined spectrophotometrically at an absorbence of 260 nm. A stock solution of EC-SOD internal standard at 2 ×10 10 molecules/ µ L was prepared, and aliquots were stored at -80°C until further use.
Extraction of Nucleic Acids and Reverse Transcription
Total mouse RNA and DNA were isolated from mouse lungs using TRI -ZOL reagent. Briefly, 10 mg lung tissue was homogenized for 1 min in 9 volumes of TRI ZOL using a Polytron homogenizer (Brinkmann Instruments, Westbury, NY, USA) set at 5. For quantitation of EC-SOD mRNA levels, the lung tissue homogenate was spiked with varying quantities of EC-SOD cRNA internal standard (10 7 to 10 9 molecules of T3-transcribed ssRNA from plasmid pSK 5/27 SS7) before reverse transcription. RNA extracted by this method was quantified spectrophotometrically at 260 nm (typical yields were 10 µ g total RNA per 10 mg lung tissue), dissolved in RNase-free water and stored at -80°C until further use.
First-strand synthesis of cDNA was generated using AMV Reverse Transcriptase following a protocol as outlined from Promega with slight modification. One microliter of the oligo(dT) primer (0.1 µ g/ µ L) (Stratagene, La Jolla, CA, USA) was added to 10 µ g total RNA (final volume 10 µ L) and heated to 75°C for 5 min and then allowed to cool to 42°C. To this mixture were added the following components: 3 µ L AMV reverse transcriptase 5 ×reaction buffer, 1 µ L dNTP mixture (25 mM each dATP, dCTP, dGTP and dTTP in water) and either 1 µ L AMV reverse transcriptase (10 U/ µ L) or 1 µ L nuclease-free water. The reverse transcription reaction was carried out at 42°C for 40 min, followed by heating at 95°C for 5 min to inactivate the reverse transcriptase. The reaction mixture was placed on ice and 85 µ L nuclease-free water was added (total volume 100 µ L), mixed and stored at -80°C until further use.
Primer Design
The design of mouse EC-SOD primers were derived from published cDNA (1) and genomic sequence data (GenBank ® accession no. AF039602). location of each of the primers used throughout this study. Not shown in this figure is the antisense primer 3.8-1 ( 5 ′ -GTTGTCTGACATCCTAGA-3 ′ ), which is used for the detection of genomic DNA contamination and corresponds to base pairs 11 419-11 402 of the genomic GenBank sequence. Primer 3.8-1 anneals approximately 500 bases 3 ′ of the EC-SOD poly(A) site. All primers were synthesized by Life Technologies and used without further modification. 
SHORT TECHNICAL REPORTS
PCR
Detection and Analysis of PCR Products
Following completion of PCR cycling, 10 µ L gel loading solution (95% formamide, 20 mM EDTA, 0.05% bromophenol blue, 0.05% xylene cyanol FF) was added, and the tubes were heated to 85°C for 3 min and placed immediately on ice. Samples were loaded (5 µ L) onto 5% (w/v) denaturing 8 M urea polyacrylamide TBE (0.89 M Tris-borate, 0.002 M EDTA) gel and electrophoresed at 10 W for 3 h. The gel was then dried and exposed on a phosphor screen for 18 h. The relative intensity of PCR products was determined by scanning the phosphor screen with a Storm™860 scanner and quantifying bands of interest using ImageQuant ™ Analysis Program version 1.2 (both from Amersham Pharmacia Biotech).
RESULTS AND DISCUSSION
Competitive PCR was first described by Gilliland et al. (3) and is both sensitive and specific for quantitation of DNA and mRNA. However, variations in the efficiency of the reverse transcription step, heterogeneity in mRNA species and contaminating Short Technical Reports genomic DNA that is co-purified during the mRNA isolation step all limit the usefulness of this technique. In most cases, the amount of cellular DNA contamination within the RNA preparations can be minimized by digestion with DNase I. However, this is not always the case, and DNase I must be completely removed or inactivated before the reverse transcription step to avoid digestion of the cDNA. An additional way to circumvent genomic DNA contamination issues is by using primer pairs that are designed to span one are more introns, but some genes, such as EC-SOD, do not have introns conveniently located in the 3 ′ or coding region of the gene (1). However, even when poly(A) mRNA has been prepared and primers have been designed to span an intron, the need to systematically evaluate for DNA contamination has been well documented (5).
Mouse lung homogenates were spiked with increasing amounts of internal EC-SOD cRNA standards (10 6 , 10 7 , 10 8 and 10 9 copies), subjected to standard RNA isolation methods, reverse transcribed and PCR ampified using the primer pair MFA2 and 3.8-1. This primer pair is predicted to generate a 969-bp fragment only if genomic DNA is used as template (Figure 2, lanes 1  and 2) . Following reverse transcription and PCR, the four different cDNA preps all show varying degrees of genomic DNA contamination (Figure 2 , lanes 3-6). Using purified RNA as template without performing the reverse transcription step and using a different primer pair (MFA2 and 1693/77) resulted in an amplified band of the expected 368-bp size, further demonstrating contamination of the RNA preparation with genomic DNA (data not shown).
To directly address the issue of genomic DNA contamination, we designed an antisense PCR primer that specifically hybridizes to both the 3 ′ end of the EC-SOD cDNA and 10 bases of the poly(A) tail (1834/10). When primer 1834/10 is PCR amplified along with the sense primer MFA2 using 27 ng total mouse cDNA as template, an expected 509-bp fragment can be seen (Figure 3, lane 1) . No specific bands in this size range can be seen in the presence of either 25 or 50 ng mouse genomic DNA ( Figure 3, lanes 2  and 3) . When the internal standard for mouse EC-SOD is used, an expected 382-bp fragment is easily detected (Figure 3, lane 4) . One microgram of total mouse lung RNA that is not reverse transcribed shows no PCR-amplifiable bands (Figure 3, lane 5) . Thus, this technique, which we have named poly(A) cDNA-specific (PACS) RT-PCR, can readily amplify mRNA species and is not affected by genomic DNA contamination.
Short Technical Reports 766BioTechniques
Vol. 29, No. 4 (2000) Figure 2 . Conventional RT-PCR primers for mouse EC-SOD cDNA demonstrate genomic contamination. Mouse genomic DNA and reverse-transcribed total RNA isolated from 10 mg mouse lung spiked with increasing amounts of EC-SOD cRNA internal standard were prepared as in Figure 1 . PCR was performed using EC-SOD-specific primers MFA2 and 3.8-1. Lanes 1 and 2 demonstrate PCR products derived using mouse genomic DNA (3 and 6 ng) as template. Lanes 3-6 represent the PCR products derived using 1% of the indicated reverse-transcribed RNA mixture as template. The 969-bp fragment is the expected size of the PCR-amplified fragment for mouse EC-SOD. show the results obtained when 10 mg mouse lung tissue total RNA was spiked with increasing amounts of EC-SOD internal standard cRNA, reverse transcribed and 1% used as template during the reaction. Lanes 6-10 represent various control reactions. Non-reverse-transcribed total mouse lung RNA (1000 ng) and internal standard cDNA (10 4 copies) were used as template for PCR (lane 6 and 7). Lanes 8 and 9 contain 50 and 25 ng of mouse genomic DNA as template, respectively. Lane 10 represents PCR amplification using mouse lung cDNA derived from 27 ng total RNA. The 509-bp fragment corresponds to native EC-SOD mRNA. The 382-bp fragment represents EC-SOD internal standard.
Amplifying the 3 ′ end of an mRNA has specific advantages. As we have shown here, primers and PCR conditions can be designed that take advantage of the poly(A) tract present on mRNA. Our PACS primer contains 10 T bases and 8 gene-specific bases from EC-SOD. This allows us to optimize the differential PCR annealing temperature such that this primer will not hybridize to genomic sequences. Even with goodquality mRNA, many partial-length cDNAs are generated during reverse transcription. For example, typical results under standard conditions for AMV reverse transcriptase and an oligo(dT) primer using a 1.2-kb RNA as template should yield about 15% full-length firststrand conversion (see the Protocol and Application Guide from Promega). The truncation of cDNAs is thought to be a result of the reverse transcriptase being unable to continue polymerization in regions of the mRNA molecule that are involved in a stable secondary structure (4). Partially degraded or sheared RNA can be primed with oligo(dT) and reverse transcribed, yielding partiallength cDNAs. Furthermore, the 5 ′ portions of mammalian cDNAs tend to have increased GC content, which is more likely to result in prematurely truncated cDNA species.
To ensure comparable efficiencies in a series of independently isolated RNA samples, the absolute copy number of the specific mRNA can be calculated with respect to the copy number of the exogenously added internal standard cRNA. Mouse lung tissue (250 mg) was homogenized in 2.5 mL TRI ZOL using a Polytron homogenizer. Aliquots of 100 µ L were spiked with increasing amounts of internal standard cRNA (10 7 , 10 8 and 10 9 copies), RNA extracted, reverse transcribed and PCR amplified in the presence of [ 35 S]dATP. After correcting for both the size and AT content of the PCR fragment, an absolute quantitation of mouse EC-SOD mRNA in lung samples was measured to be 4.97 ×10 7 ± 0.86 ×10 7 per 10 mg mouse lung tissue (Table 1) . Despite a 100-fold difference in internal standard concentrations, the small standard deviation demonstrates that the PACS technique shows good precision and reproducibility. Thus, with similar variability, this technique would be predicted to readily determine significant differences in mRNA concentrations of as little as 0.4-fold from controls using a sample size of n= 3.
INTRODUCTION
For high-level expression of foreign protein, the most popular mammalian expression system in both research and industrial applications uses expression vectors containing the dihydrofolate reductase (dhfr) gene as the selective gene and the dhfr-deficient (dhfr -) Chinese hamster ovary (CHO) cells as the host cell line. For the establishment of CHO cell lines expressing a foreign protein of interest, dhfr -CHO cells are first transfected with expression plasmids including the dhfr and the foreign gene. The widely used nondirected gene transfer method allows expression plasmids to integrate randomly into the genome with different copies and generates a heterogeneous population of cell clones that differ significantly in their expression levels and stability (4, 5) .
Since the isolation of clones with high-level expression clearly depends on the number of clones that have been screened, time-consuming and tedious screening procedures are required for the isolation of such clones. Thus, there has been an increasing concern for the simplification of screening procedures (3, 8, 10, 11) .
In our laboratory, we transfected the thrombopoietin (TPO) expression vector containing the dhfr gene into dhfr -CHO cells for the development of recombinant CHO (rCHO) cells producing a human TPO that is a humoral regulator of megakaryocytopoiesis (1). It was found that the morphology of many parental clones with high-level expression was similar to that of nontransfected dhfr -CHO cells.
In this study, we demonstrate that parental CHO clones with high-level expression of the introduced gene can be screened efficiently based on their morphology, thus facilitating the establishment of rCHO cell lines.
MATERIALS AND METHODS
Vectors
Three different expression vectors were constructed from pSV2-dhfr (37146; ATCC, Rockville, MD, USA) and pCD33r. The pCD33r, which was kindly provided by Daewoong Pharmaceutical (Sungnam, Korea), was built by inserting the cDNA fragment encoding a modified recombinant human TPO into a unique Kpn I and Eco RI site of pcDNA3.1/Zeo(+) (Invitrogen, Carlsbad, CA, USA). For enhancement of gene amplification at low methotrexate (MTX) levels (7), the enhancer element from the simian virus 40 (SV40) early promoter used for the expression of 
